In this paper the dynamic model of a pneumatic system containing an air cushion cylinder is built by using bond graph method. Bond graphs are extended to deal with non-linearities and multiports in the form of equations by using the language SIDOPS+. Simulations are carried out with different working parameters such as openings of cushion needle valve. Simulation results are verified by experiments. Finally, an optimal opening of the cushion needle valve under a certain working condition is obtained by running multiple simulations with parameter sweep. The bond graph simulation can help to predict the performance of the air cushion and to determine the optimal opening of cushion needle valve.
INTRODUCTION
Pneumatic cylinders with air cushion are widely used in industry. The cushion process, affected by many factors, is extremely complex. And it has great impact on the performance of a pneumatic system. The difference between the ordinary pneumatic cylinder and the cushion cylinder was analyzed and the mathematical model of an air cushion cylinder was built in the form of nonlinear differential equations in Ref. [1] .
Bond graph is a modeling method especially useful for a multiple power domain system such as a pneumatic system containing an air cushion cylinder. A pseudo bond graph method was proposed in Refs. [2] and [3] that describes the 4-port thermodynamic resistive element and the 3-port thermodynamic capacitive element, both of which are common elements in the modeling of pneumatic systems. Applications of the pseudo bond graph method were demonstrated in Refs. [4] and [5] .
In this paper the dynamic model of a pneumatic system containing an air cushion cylinder is built by using bond graph method.
BOND GRAPH MODEL OF THE PNEUMATIC SYSTEM
We use 20-simi61 as the bond graph modeling and simulation tool in our work. Bond graphs are extended to deal with non-linearities and multiports in the form of equations by using the language SIDOPS+.
Bond Graph of the 4-Port Thermodynamic Resistive Element and Its Implementation
The air flow through a valve orifice can be modeled by the 4-port thermodynamic resistive element shown in 
(8)
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Bond Graph of the Air Cushion Cylinder Driving
System
The pneumatic driving system of the air cushion cylinder is shown in Figure 3 . The system is composed of the following parts: air source, a directional control valve, two meter-out speed control valves, an air cushion cylinder and load mass. For simplicity, we just consider the push out process of the cylinder. The bond graph model is shown in Figure  4 . It includes three 3-port C elements and three 4-port R elements. The 3-port C elements are: inlet chamber C1, cushion chamber C2, and the outlet chamber C3, respectively. The three 4-port R elements are: orifice of the directional control valve R1, orifice of the meter-out speed control valve R2, and resistance between cushion chamber and the outlet chamber R3, respectively.
The orifice area of R3 is variable according to the piston displacement. When s is less than H-ho, there is nearly no resistance between the cushion chamber and the outlet chamber. When the cylinder enters the cushion process, i.e. s >_ H (12) 
SIMULATION RESULTS
The simulation parameters are listed in Table 1 . When the opening of cushion needle valve is 0.375 cycle, the simulation results and experimental results are shown in Figure 5a and 5b respectively. They are consistent except that there is some difference with the pressure at cushion chamber. The reason may be that there is some error in tuning the cushion needle valve or in measuring the effective area of cushion needle valve.
The simulated residual velocity when the piston arrives at the end cap is shown in Figure 6 . The experimental shock acceleration is also shown in Figure 6 for comparison.
It can be seen from both curves that there exists a region of openings of cushion needle valve that the cushion effects are optimal. And the bond graph simulation can help to predict the performance of the air cushion and to determine the optimal opening of cushion needle valve. 
